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Abstract. When irritated, individuals of the sea cucumber

Holothuria forskali expel a few Cuvierian tubules which

lengthen, instant!) become sticks, and rapidls iinmohili/e

most organisms with which thev come into contact. After

expulsion, the lost tubules are readily regenerated. When
onls a few tubules have been expelled, there is often a latent

period before the regeneration starts. In contrast, when

many tubules have been expelled, the regenerative process

starts immediately but proceeds in successive waxes of 10

to 30 tubules that begin to regenerate at 10-das intervals.

However, in all cases, the complete regeneration of a given

tubule takes about 5 weeks and mas be divided into three

successive phases: an initial repair phase including the

overall 48-h post-auioloins period, a true regenerative phase

taking about 4 weeks to complete, and a growth phase of

about one more week. Initial regeneration events occur by

epimorphosis. cell proliferation being essential lo the regen-

erative process, whereas late events occur mainls hs mor-

phallaxis. with migration of the newly differentiated cells.

The mesothelium is the tissue layer in which cell prolifer-

ation is the most precocious and the most important, involv-

ing both pcnloncocslcs and imdiliercnliated cells (which

seem to be dedifferentiated peritoneocytes). As regeneration

proceeds, the percentage of undifferentiated cells regularls

decreases in parallel with the ditlcicntiation ol granular

(adhesive-secreting i cells and myocytes. The myocytes then

separate oil IKHM i| u - mcsothclmm and ungrate within the
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connective tissue laser. Three tvpes of pseudopodial cells

tol low one another in the tubule connective tissue during

regeneration. TV pc I cells have all the characteristics of

echinoderm phagocvtcs and mas have a libroclastic func-

tion, cleaning the connective tissue compartment before

new collagen svnthesis starts. Type 2 cells are rather undif-

ferentiated and divide actisels. The presence of type 3 cells

is closelv associated with the appearance of collagen libers.

and it is suggested that they have a lihroblastic function. In

the inner epithelium, cells also divide actively, hut onls

those in which spherules have not vet differentiated in the

basal intraconneclive processes. It appears, therefore, that in

the three tissue lasers of the tubules, regeneration proceeds
bs cell dedifferentiation, then proliferation, and linalls by
dilferentiation. Cuvierian tubules thus constitute a very ef-

licient defensive mechanism: (heir large number, sparing

use. and particular regeneration dynamics make them an

almost inexhaustible line of defense maintained at limited

energs cost.

Introduction

Several species of holothuroids (sea cucumbers), all be-

longing to the order Aspidochirotida. possess a very spe-

ciali/ed defensive system: the so-called Cusierian tubules

il lammang. 19%). This system consists of several hundred

tubules whose proximal ends allach lo I he basal part of the

lei! respiratory tree and whose distal, blind ends lloat freely

in (he coelomic cavity. When irritated, the animal curses us

aboral end toward I he irritating object and undergoes a

general contraction. The anus opens, the wall of the cloaca

tears, and the free ends of the Cuvierian tubules, together

with coelomic lluid. are expelled through ihe lear and the
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anus. The emitted tubules lengthen, instantly become sticky,

and rapidly immobilize most organisms with which they

come into contact (VandenSpiegel and Jangoux. 1987).

Finally, the expelled tubules autotomize at their attachment

point on the left respiratory tree and are left behind as the

holothuroid crawls away (Miiller et nl., 1970; VandenSpie-

gel and Jangoux. 1987). As only a portion of the tubules are

emitted at one time, the total number may suffice for several

responses. After expulsion, the lost tubules are readily re-

generated (Hyman. 1955).

The fine structure of the Cuvierian tubules in the species

Holothuria forskali has been described by VandenSpiegel

and Jangoux (1987). Quiescent Cuvierian tubules consist of

an outer mesothelium. an inner epithelium, and between

them, a thick connective tissue layer that includes muscle

fibers. The mesothelium is a pseudostratified epithelium

made up of two cell layers, namely an apical layer of

ciliated peritoneocytes and a basal layer of granular cells

filled with densely packed lipoproteic granules. Together,

these layers form conspicuous transverse folds that pene-

trate the underlying connective tissue. Circular and longi-

tudinal myocytes occur under the tips of the mesothelial

folds. These cells divide the connective tissue into a thin

outer layer (where collagen fibers are directed perpendicu-

larly to the tubule long axis) and a thick inner layer (where

collagen fibers are arranged in helixes parallel to the tubular

long axis). Nerve processes are associated with the longi-

tudinal muscles; they also occur between the spirally ar-

ranged collagen fibers. The tubule lumen is narrow with a

highly convoluted limiting epithelium. Epithelial cells are not

ciliated; they have basal processes containing enlarged spher-

ules whose contents include mucosubstances and proteins.

The histological organization of Cuvierian tubules, which

is quite different from that of the left respiratory tree that

bears them, appears to be functionally important for their

correct operation (VandenSpiegel and Jangoux. 1987).

However, as pointed out by Smiley ( 1994). the histogenesis

of these intriguing organs is virtually unknown. Similarly,

nothing is known about the renewal of the Cuvierian tubule

stock after expulsion and, consequently, on the way holo-

thuroids maintain their line of defense. Wehave thus inves-

tigated the process of Cuvierian tubule regeneration in the

holothuroid Holothuria forskali. Our aims were (i) to study

the dynamics of the regenerative process and to describe

macroscopically the different regeneration stages; (ii) to

detail the installation of the different tissue layers, using

electron microscopy; and (iii) to determine, through immu-

nohistochemistry and autoradiography, the origin of the

cells involved in tubule regeneration.

Materials and Methods

Individuals of Holothuria forskali (Delle Chiaje, 1823)

were collected at a depth of 20 to 30 mby scuba diving in

the bay of Morlaix (Brittany, France). They were trans-

ported to the Marine Biology Laboratory of the University

of Mons-Hainaut. where they were kept in a marine aquar-

ium with closed circulation (13C, 339ft salinity).

Induction of tubule expulsion and sampling of

regenerating tubules

The expulsion of Cuvierian tubules was induced mechan-

ically by pinching the dorsal integument of the holothuroids

with forceps. Two sets of regenerating animals were inves-

tigated: the first set comprised 15 individuals that had been

stimulated only once and had expelled about 15 tubules

(gentle stimulation); the second set consisted of 25 individ-

uals that had been stimulated repeatedly to induce the ex-

pulsion of about 300 tubules (strong stimulation). After

tubule expulsion, all the animals were returned to the aquar-

ium and dissected at various times to provide samples for

observation macroscopically and with transmission electron

microscopy (TEM). Tubules in the process of regeneration

were dissected from each set of cucumbers every day for 6

days, and then weekly for 8 weeks. Before dissection, the

animals were anesthetized for 1 h in 0.2% propylene phe-

noxytol (Nipa laboratories. UK; see Hill and Reinschmidt.

1976) in seawater. For the immunohistochemical and auto-

radiographical studies of Cuvierian tubule regeneration, 10

of the strongly stimulated sea cucumbers were put aside in

a separate aquarium for 1 month.

Light and transmission electron microscopy

Regenerating tubules were fixed for 3 h at 4C in 3%

glutaraldehyde in cacodylate buffer (0.1 M, pH 7.8; adjusted

to 1030 mOsin with sodium chloride), then rinsed in caco-

dylate buffer and post-fixed for 1 h in l'7r osmium tetroxide

in the same buffer. After a final wash in buffer, the podia

were dehydrated in graded ethanol and embedded in Spurr.

Semithin sections (1 jum in thickness) were cut on a

Reichert OmU2 ultramicrotome equipped with a glass knife

and then stained according to the method of Humphrey and

Pittman (1974). Ultrathin sections (40-70 nm) were cut

with a Leica UCTultramicrotome equipped with a diamond

knife, stained with uranyl acetate and lead citrate, and

observed with a Zeiss EM 10 transmission electron micro-

scope.

Immunohistochemistry

The BrdU/anti-BrdU method was used to study DNA
synthesis in the regenerating tubules. After one month of

regeneration, five of the strongly stimulated holothuroids

were injected intracoelomically with 2 ml of a 2% solution

of BrdU (5-bromo-2-deoxyuridine; Aldrich Chemie) in fil-

tered seawater (0.45 jiim; Millipore). One hour after injec-

tion, the individuals were dissected and their regenerating
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tubules fixed for 6 h in Allcn-Bouin's fluid (Gabe. 1968).

They were then rinsed thoroughly in running tap water.

dehydrated in graded ethanol. embedded in Paraplast. and

sectioned (5 /umi. BrdU-containing DNA in the nuclei of

proliferating cells was detected by the ininiunogold-silver

staining (K.SSi method (Hacker ft til.. 19K5: adapted lor

echinodenn tissues in VandenSpiegel ct til.. 1491). The

sections were treated with trypsin (0.1% trypsin in 0.01 \l

sodium barbital. 0.15 MNaCl, pH 8.0) for 50 min at 37C.
followed by acid hydrolysis in 3 MHC1 at 60C for 30 min.

This treatment denatures the DNA and unmasks hidden

epitopes. After rinsing in distilled water, the sections were

preincubated for 20 min in 5*7r normal goat serum in 0.01 A/

sodium barbital. 0.15 M NaCl. pH 7.4 i \eronal buffer-

NGS). then incubated overnight at 4 C with mouse anti-

BrdU monoclonal antibodies (DAKO A/S) diluted 1:30 in

veronal buffer-NGS. After several washes in phosphate-

buffered saline (PBS), the sections were incubated for 1 h at

room temperature in goat anti-mouse Lmmunoglobulins con-

jugated to 5 nm gold panicles (Auroprobe LM: Amersham)

diluted 1:40 in PBS-NGS. Gold particles bound to the

immunocomplexes were visuali/ed by a silver precipitation

reaction, using a commercial kit (Intense SE TMI1: Amer-

sham). The reaction was stopped with distilled water and the

sections were counterstained \\ith hemalun and eosin.

Autorodiography

Cell proliferation was also monitored using autoradiog-

raphy. Tritiated thymidine ( 150 /LiCi of a I mCi/ml aqueous

solution of 5'-
3
HT; Amersham) was mixed with 1 ml of

tillered seawater and injected, through the holothuroid in-

tegument, into the coelomic cavity. This injection was per-

formed on five strongly stimulated individuals that had

started regenerating Cuvierian tubules one month earlier.

One hour after injection, the holothuroids were dissected,

and the regenerating tubules were fixed and embedded as

tor TEM (see above). Semithin sections I l-^m thick) were

collected on glass slides and stored in distilled water. All

subsequent manipulations took place in a darkroom. The

slides were dipped in photographic emulsion (Nuclear re-

search emulsion L5; 1 1 ford) diluted 1:1 in distilled water at

45C. After air-drying, the coated slides were stored in

light-proof boxes at 4C for 10 days. Exposed slides were

developed for 4 min at room temperature in Kodak hi 1

'

diluted \:2 in distilled water, transferred to a stop-bath (2%

acetic acid) for 30 s, followed by fixation (107r Acidolixi

for 5 min. After rinsing in running tap water, the autoradm

graphed sections were stained with toluidinc blue.

i "iinting tind Identification of proliferating cells

Labeled nuclei were counted in sections of regenerating

tubules that were processed either by immunohistochcmis-

try or by autoradiography. For each regeneration stage, a

labeling index (LI) was determined in the three main tissue

layers of the tubules (i.e., the mesothelium. the connective

tissue layer, and the inner epithelium). This index represents

the percentage of labeled nuclei (LN) compared to the total

number of counted nuclei (IN i: it is calculated according to

the formula: LI = (LN/TN) X 100. For each stage, four

counts, each comprising a maximum of 100 nuclei, were

done on sections coming from tour different regenerating

tubules from a single holothuroid.

To identify proliferating cells we used the procedure of

Laurent ct til. (1988). which relies on the fact that tissues

labeled with *HT and embedded in Spurr resin can he

observed by both light and electron microscopy. For each

regeneration stage, we used three to four ultrathin sections

directly followed by one semithin section. The former were

observed in TEM. whereas the latter was processed for

autoradiography (see above). In most cases, the shape of the

labeled cells, as it appeared on the semithin section, was

characteristic enough to allow their locali/ation on the ul-

trathin section. It was therefore possible to identify the cell

types involved in DNA synthesis.

Results

Macroscopic observations

Regeneration of the Cuvierian tubules in Holothuria /<>/

\Lili was observed after two types of stimulations: gentle

stimulations inducing the expulsion of about 15 tubules and

strong stimulations inducing the expulsion of about 300

tubules. After a gentle stimulation, tubule expulsion is not

always followed by immediate regeneration of new tubules:

rather, a latent period of up to 20 days was observed In

addition, the beginning of the regeneration could not he

detected without sacrificing the animal. Therefore, a regen-

eration that followed a gentle stimulation was difficult to

sluily. However, data collected from the staggered dissec-

tions have allowed us to estimate that the duration of the

regeneration is at least 4 weeks, and that all of the autoto-

mi/ed tubules regenerate synchronously. Alter a strong

stimulation, on the other hand, regeneration starts immedi-

ately, although only fora limited number of tubules. Indeed,

the regeneration proceeds by groups of 10 to 30 tubules: the

beginning of the regeneration in one group being separated

from (hat of the following one by 5 to 10 days. Therefore.

about one month after ihc induction ol a massive tubule

autotomy. holothuroids have tubules at several stages ol

regeneration (Fig. I ).

Ihe observation of Cuvierian tubule regeneration after

a strong stimulation has allowed us to describe live succes-

sive stages in the expulsion-autotomy-regeneration cycle

(Fig. 2i
:

Stage I corresponds to the healing of the damaged tissues

I ol lowed by the appearance. 2 to ft days after autotomy. ol
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Figure I. General aspect of regenerating Cuvierian tubules in Halo-

thuria forskali 3 weeks after a massive tubule expulsion, showing tubules

at different stages of regeneration (bar = 0.5 cm). C. cloaca; FT. fully

developed tubule; I, intestine; RT. left respiratory tree; S1-S4. stages 1-4.

a thickening of the wall of the basal part of the left respi-

ratory tree, at the place where the expelled tubules were

attached (SI; Figs. 1 and 2).

Stage 2 corresponds to the formation. 8 to 10 days after

autotomy, of a translucent spherical structure measuring

from 0.1 to 0.4 mmin diameter (S2: Figs. 1 and 2).

Stage 3 corresponds to the development. 10 to 14 days

after autotomy, of a translucent club-shaped structure rang-

ing from 1 to 3 mmin length for a maximum diameter of 0.3

mm(S3; Figs. 1 and 2).

Stage 4 corresponds to the transformation of the regen-

erating structure, 14 to 21 days after autotomy, into a small

pale-pink tubule measuring from 4 to 12 mmin length (S4;

Figs. 1 and 2). From this stage on, the shape of the regen-

erating tubule remains constant, only the length and diam-

eter of the tubule increase.

Stage 5 corresponds to the differentiation, 21 to 28 days

after autotomy, of a functional tubule that possesses a short

basal peduncle and measures from 14 to 22 mmlong for a

diameter of about 0.65 mm(S5: Fig. 2). Although they are

only half the size of a fully developed tubule, regenerating

tubules at stage 5 are able to lengthen and become sticky.

They reach their full size 28 to 35 days after autotomy.

Ultrastnicture of regenerating tubules

Immediately after their expulsion and lengthening, Cu-

vierian tubules are autotomized at the narrow peduncle that

attaches them to the left respiratory tree. The resulting

wound is relatively limited and is rapidly closed by migra-

tion of mesothelial cells on the coelom side and epithelial

cells on the side of the respiratory tree lumen. At the same

time, the connective tissue is invaded by very active phago-

cytes that remove cell debris from the tissue. These large

cells have many cytoplasmic inclusions, such as phago-

somes, secondary lysosomes, and residual bodies.

Stage 1. Regeneration sennit stricto takes place right after

wound healing and starts with the formation of a small

mesothelial bud that appears as a local thickening of the

wall of the basal part of the left respiratory tree. This bud

consists of a mass of cells forming a pseudostratitied me-

sothelium in which an outer layer of ciliated adluminal cells

(peritoneocytes) covers a few layers of undifferentiated

cells (Fig. 3). Peritoneocytes are tack-shaped cells whose

apical part lines the coelomic cavity. They are bound to-

Expulsion and 01
autotomy

s

S2

Figure 2. Chronology of the regeneration stages of Cuvierian tubules

in Holothuria forskali. Open arrows point to the regenerating tubules. FT,

fully-developed tubules; I, intestine; RT, left respiratory tree; T, Cuvierian

tubules; S1-S5. stages 1-5.
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Figures 3-9. Ili'luiliiiini t<n\k,ih I Iti.isinicliirc nl stapc I ami 2 regcneralins: Cmierian tubules. HI., basal

lamina; CL. conned no II\SHO lu\or; (1. (id pi apparatus. II . inioriial epithelium: I., lumen: M. mosolhelinm: MC.
m ste: Ml. milochiiiulnon: MV. microvillus; NP. nene plexus; PI. type I pseudopodial cell: PC. perilniieo

cyte: RER. rouyh eiuloplasmic relieulum; S. spherule; SL. secondary lysosomc; UC, unclilferentiated cell; V.

vesicle Figure 3. Mesothelium at stage 1 (bar = 5 >im). Figure 4. Longitudinal section through the

wall of a stage 2 regenerating tubule (bar = 5 /urni Figure 5. Detailed view of the basal pan of the

mcsothclium showing the myocytes and the nerve plexus ih.n J
1

/tm). Arrows indicate bundles nl tmnMla

Figiircfi. Intraconnective spherulocyte (stage 2; bar -
2finu. Figure 7. [ntraconnective type 1

i iiiliipodial cell (stage 2; bar = 4 /nin Figure K. I vtailod view of the cytoplasm of a type I pseudopodial

cell i stage 2; bar 0.5 jun). Figure 9. l.oiiL'itudiual section through the inner epithelium (stage 2; bar =

gcthcr by an apical /unula ailhaercns. Each periluiK-ocylc

bears a single ciliuni (about 10 /j.m long) and a few scattered

microvilli (Fig. 3). The apical pan of the cell houses the

nucleus, a juxtanuclear Golgi complex, a well-developed

rough endoplasmic reticulinn (RER). numerous free ribo-

somes. some lipid granules, and many mitochondria. Large
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secondary lysosomes ( 1 to 1 .5 fj,m in diameter) also occur in

the apical cytoplasm. The basal part of the cell, which is thin

and elongated, traverses the undifferentiated cell layers be-

fore contacting the basal lamina through a hemidesmosome-

like structure. Undifferentiated cells are cube-shaped and

have a high nuclear-cytoplasmic ratio (Fig. 3). However,

although reduced, the perinuclear cytoplasm encloses a

well-developed Golgi apparatus and RER, many mitochon-

dria and free ribosomes, lipid granules, and numerous sec-

ondary lysosomes (Fig. 3). Undifferentiated cells are con-

nected to the basal lamina through hemidesmosome-like

structures, but they are neither bound together nor bound to

the peritoneocytes.

Stage 2. At the end of this stage, the regenerating struc-

ture already has the three tissue layers characteristic of a

non-regenerating Cuvierian tubule, i.e., a mesothelium.

a connective tissue layer, and an inner epithelium (Figs.

4, 10).

The general organization of the mesothelium is similar to

the one observed in stage 1 except that some myocytes

occur among the undifferentiated cells (Figs. 5. 10). Myo-

cytes are cube-shaped. They have a large nucleus and en-

close one bundle of myofilaments in their cytoplasm (Fig.

5). which also contains a well-developed RERand numer-

ous mitochondria. No junction connecting the myocytes to

the other mesothelial cells was observed. However, each

myocyte is anchored to the basal lamina by a hemidesmo-

some-like structure. A discrete nerve plexus is associated

with the mesothelium of stage 2 regenerating tubules. It

consists of nerve processes, preferentially located close to

the myocytes (Figs. 5. 10).

MV

Figure 10. Holothuria forskali. Reconstruction of a longitudinal sec-

tion through the wall of a stage 2 regenerating Cuvierian tubule (not to

scale). BL. basal lamina; C, cilium; CL, connective tissue layer; IE, internal

epithelium; G, Golgi apparatus; M. mesothelium; MC. myocyte; MI.

mitochondrion; MV. microvillus; NP, nerve plexus; PI. type 1 pseudo-

podial cell; PC, peritoneocyte; SC, spherulocyte, SL, secondary lysosome;

UC. undifferentiated cell.

Encompassed between the basal lamina of the mesothe-

lium and that of the inner epithelium, the thin connective

tissue layer (about 7.5 jam in thickness) is poor in collagen

fibers, but contains many mesenchymatous cells, both

spherulocytes and type 1 pseudopodial cells (Figs. 6, 7, 10).

Spherulocytes are ovoid to spherical cells, 5 to 10 jam in

diameter. Their cytoplasm is packed with spherules that

average 3 /urn in diameter and enclose an electron-lucent

material (Fig. 6). Type I pseudopodial cells possess a cen-

tral, nucleus-containing cell body from which two to three

thin cell processes radiate (Figs. 4, 7). Their cytoplasm

encloses one or two juxtanuclear Golgi stacks, a well-

developed RER, a few lysosomal bodies, many mitochon-

dria, and numerous clear vesicles of various sizes. In some

micrographs, large secondary lysosomes enclosing partly

decomposed collagen fibrils were observed (Fig. 8).

The inner epithelium delimits a quite large lumen. It

consists of only one cell type that strongly resembles the

epithelial cells of the respiratory tree at the level where

Cuvierian tubules are inserted. These cells are non-ciliated

cells that bear a few apical microvilli (Figs. 4, 9, 10). They
are connected together through junctional complexes con-

sisting of an apical zonula adherens and a subapical septate

desmosome, but they do not attach to the basal lamina.

Epithelial cells are flat (2.4 /im in the nucleus-containing

thickest part). Their cytoplasm contains a Golgi apparatus, a

few scattered mitochondria, and some lipid granules.

Stage 3. The mesothelium is pseudostratified and still

comprises peritoneocytes, undifferentiated cells, and myo-

cytes (Figs. 11. 12, 16). Peritoneocytes and undifferentiated

cells are similar to those observed in stages 1 and 2. In

contrast, myocytes have clearly increased in number and

can be divided into two sets according to the orientation of

their bundle of myofilaments, either circular or longitudinal.

Circular myocytes are always located beneath longitudinal

myocytes. They possess a basal cytoplasmic process that

penetrates the underlying connective tissue layer and en-

closes the bundle of myofilaments (Figs. 12, 13). The nerve

plexus is more developed than in the previous stage and still

preferentially associated with the myocytes (Figs. 12, 16).

The connective tissue layer has increased in thickness (to

about 30 /nm) and, at this stage, makes up three-quarters of

the total thickness of the regenerating tubule wall. As in the

previous stage, the connective tissue layer is poor in colla-

gen fibers and contains numerous mesenchymatous cells.

Spherulocytes, however, are no longer present; only pseu-

dopodial cells remain. These cells are of two types: type 1

cells, identical to those observed at the previous stage, and

type 2 cells; the latter being, by far, the more abundant.

Type 2 pseudopodial cells have a particular distribution:

they are mainly located just below the basal lamina of the

mesothelium (Figs. 13, 16). They have a teardrop shape, the

tapered part forming a single process that always faces the

basal lamina. These cell processes were sometimes ob-
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Figures 11-15. Hulmhurui lurxkuli. IMliastiucture ul stage 3 regenerating Cuvierian tubules. BL. basal

lamina: BP. epithelial cell hasal process; CE, centriolc. CL. connccli\c tissue layer: CM. circular myocyte; IE.

internal epithelium; G. Golgi apparatus: I., lumen: LM. longitudinal myocyte; MC. myocyte; N, nucleus; NP,

nerve plexus: ]'2. l\pe 2 pseudopodial cell: PC. pciitoin'oc\te: SI., secondary lysosumc. TC. unditterenlialed

cell. Figure 11. Longitudinal section through the mesothelium (bar 3 fimi Figure 12. Detailed view

of ihe myocytes (bar = 3 /nm). Figure 13. Intraconnective type 2 pseudopodial cells (bar = 3 jtm).

Figure 14. Detailed \ieu ul a t\pe 2 pseudopodial cell (bar = 0.5 /J.m). Figure 15. Transverse section

through the inner epithelium (bar = 3 jxm).

served contacting the intraconnective hasal processes of the

circular myocytes (Fig. 13). Type 2 pseudopodial cells have

a high nuclear-cytoplasmic ratio. Their reduced perinuclear

cUoplasm encloses a Golgi apparatus as well as a pair of

centrioles (Fig. 14).

The inner epithelium is only slightly different from that

seen in stage 2. The epithelial cells have a more irregular

shape and develop two to three hasal processes penetrating

the underlying connective tissue layer (Figs. 15. 16). These

processes are lined hy the hasal lamina hut. as previously.

there is no attachment structure hetween the epithelial cells

and this hasal lamina.

Slum' 4. At this si. i .eneration. the mesothelium

develops transversal folds that penetrate the connective tis-

sue layer (Figs. 17, 20). Three cell types may he recogni/.ed

in ihe mesothelium: peritoneocytes, granular cells, and

mxocytes. The undifferentiated cells are no longer present.

IVnioneocytes form the coelomic lining and always cover

the granular cells. They are tuck-shaped \\nli a llatlened

apical part and a thin elongated hasal part. They are now

attached to each other through junctional complexes con-

sisting of an apical /onulu adherens and a suhupical septate

desmosome. and to ihe hasal lamina through hemidesmo-

some-like structures. The nucleus is located in ihe apical

part of ihe cell where the cytoplasm contains a Golgi appa-

ratus and a few mitochondria (Fig. 17). Granular cells are

very flattened and lorm a suhapical cell layer that is accor-

dion pleated perpendicularly to the long axis of the Uihule.

each pleat penetrating the underlying connective tissue. The

cytoplasm ol these cells contains many electron-dense gran-
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Figure 16. Hololhuria forskali. Reconstruction of a longitudinal sec-

tion through the wall of a stage 3 regenerating Cuvierian tuhule (not to

scale). BL. basal lamina: BP, epithelial cell basal process; C, cilium; CL.

connective tissue layer; IE, internal epithelium; M. mesothelium; MC,

myocyte; ME, bundle of myofilaments; MV. mierovillus; NP. nerve plexus;

P2. type 2 pseudopodial cell: PC. peritoneocyte: UC. undilt'erentiated cell.

ules that range from 0.1 to 0.3 /urn in diameter and often

occur in the vicinity of a large Golgi apparatus and of a

well-developed RER (Fig. 17). Many of the cisternae of the

RER are distended and filled with an amorphous material.

The nucleus is egg-shaped and usually located in the lower-

most part of the cell (i.e., at the base of the pleats). No

cellular junctions were observed between the granular cells

or between the granular cells and peritoneocytes. However,

the granular cells attach to the basal lamina through a

hemidesmosome-like structure. Myocytes are located either

in the most basal part of the mesothelium (i.e.. at the base of

the folds), or here and there within the connective tissue

layer, where they form an intraconnective muscle layer

(Figs. 17, 20). The circular myocytes are always basal to the

longitudinal ones. A single basal lamina lines both types of

myocytes as well as the rest of the mesothelium. A well-

developed nerve plexus is present and is mostly associated

with the longitudinal myocytes, whether they are intrame-

sothelial or within the connective tissue (Figs. 17, 20).

The thick connective tissue layer is, from place to place,

divided into an outer area and an inner area by the presence

of the intraconnective muscle layer. The outer area is thin

(about 12 /urn thick) and encloses very few collagen fibers

and cells. The inner area, on the other hand, is much thicker

(about 120 jum thick): it contains many collagen fibers,

which show no tridimensional organization, and numerous

pseudopodial cells (Fig. 20). Most of the latter are type 3

cells, although a few type 2 cells may still be observed.

Type 3 pseudopodial cells possess a central nucleus-con-

taining cell body from which one to three cell processes

radiate (Fig. 18). Their characteristic feature is an extensive

RER with some very distended cisternae filled with an

electron-lucent amorphous material (Fig. 18). Their cyto-

plasm also contains numerous mitochondria and a well-

developed Golgi apparatus. On some micrographs, the

Golgi stacks show cisternae ending with spheroidal disten-

tions that enclose a fuzzy material of low electron density

(Fig. 19).

The inner epithelium is similar to the one described in

stage 3 (Fig. 20).

Stage 5. At this stage, the ultrastructure of the regener-

ating tubule is very similar to that of a non-regenerating

quiescent Cuvierian tubule (or fully developed tubule); the

tubules in these two stages differ mostly in their size.

The mesothelium consists of peritoneocytes that cover

elongated granular cells. Together they form the conspicu-

ous transversal folds that are characteristic of the nonregen-

erating tubule mesothelium (Figs. 21. 25). The muscle layer

is now completely separated from the mesothelium and is

located in the outer part of the connective layer, just under

the tips of the mesothelial folds (Figs. 21, 25). This layer

comprises outer longitudinal and inner circular myocytes,

and it divides the connective tissue layer into a thin outer

area and a thick inner area. Numerous nerve processes are

associated with the longitudinal myocytes (Figs. 21, 25). An

additional cell type, vacuolar cells, has appeared at this

stage (Figs. 21, 25). These cells, which are not numerous,

are directly connected neither to the mesothelium nor to the

muscle layer, but are scattered within the connective tissue

outer area, occurring singly or in small clusters of two or

three cells. Vacuolar cells are limited by a basal lamina.

Their cytoplasm is packed with vacuoles about 0.6 ju,m in

diameter that enclose an electron-lucent heterogeneous ma-

terial (Fig. 2 1 ).

The connective tissue layer still contains numerous type 3

pseudopodial cells that are widely distributed from the

mesothelium to the inner epithelium (Figs. 22-25). In its

inner area, it encloses densely packed collagen fibers that

start to be organized in helixes parallel to the long axis of

the tubule. Intermingled with the collagen fibers are slender

neurosecretory-like cell processes whose cytoplasm is filled
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Figures 17-19. Hulntlniiiii lt\k<ili. infrastructure of stage 4 regenerating Cuvierian tubules. BL. basal

lamina: ("M. circular imocue: G. Golgi apparatus: (1C. granular cell: I.M. longitudinal myocyte; Ml. miio-

chondrion; N. nucleus: NP. none plexus: PC", pcntoneocyte: RF.R. rough ciuloplasmic leliculnm; SG. secretory

uranule; SI. . secondary lysosome. Figure 17. Longitudinal section through the niesoilieliunii hai . /inn

Figure IX. Imraconneclnc type 3 pseudopodial cell lhar =
I /^mi. Figure l'. Detailed \iew of the

lyloplasm of a type -
( pseudopodi.il cell Itlie ammhead indicates a spheroidal disteiition ol a proximal < iol^i

cisierna: bar 0.2 /im).

with electron-dense, membrane-bound granules (about 0.2

/urn in diameter; Fig. 22). These processes are limited by a

basal lamina.

Due to the considerable development ol' the conik\n\e

tissue layer. the tubule lumen is narrow with a highly convo-

luted limiting epithelium. Hach epithelial cell possesses one 01

two mti.ioinnccliu-. basal processes that enclose a lew large

spherules with a heterogeneous content (Figs. 23 25).

Sluely <>J
1 1 II I'H'

The distribution and abundance of proliferating cells at each

regeneration stage were investigated In immunoliistochemis-

try after BrdU incorporation, and by attloradiography after '] IT

incorporation. The intensity and pattern of cellular labeling

were identical with both methods. The results show that, in the

four lirst stages of regeneration, labeled nuclei are unilormh

distributed in the three tissue layers of the regenerating tubule:

/.<'.. the mesothelium. the connective tissue layer, and the inner

epithelium (Figs. 2d-2 1
)). There is no evidence of a well-

delined cell proliferation site. Labeling indices indicated that,

in the three tissue layers, DNA-synthesi/ing cells are most

abundant at the beginning of the regenerative process, their

number then decreasing regularly in the successive regenera-

tion stages (Fig. 26). In the connective tissue layer, however,

the labeling index stays muxinUim until stage 3 and then

regularly decreases (Fig. 26). At stage 5. very few labeled cells

are observed in the three tissue layers, although the regenerat-

ing tubule measures only half of its linal si/e. Labeled cells

were never observed in a non regenerating Cuvierian tubule.

Proliferating cells were identified by observation of con-

secutive semithm and uliraihin sections, the former being

treated by autoradiography after *HT incorporation. In the
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MV

Figure 2(1. Holothuriu frrxkuli. Reconstruction of a longitudinal sec-

tion through the wall of a stage 4 regenerating Cuvierkm tubule (not to

scale). BL. basal lamina; BP. epithelial cell basal process; C, cilium: CL.

connective tissue layer; CM. circular myocyte; IE. internal epithelium; GC.

granular cell; LM, longitudinal myocyte; M. mesothelium; MV. microvil-

lus; NP, nerve plexus; P3. type 3 pseudopodial cell; PC. peritoneocyte: SG,

secretory granule.

mesothelium. proliferating cells are present from regenera-

tion stage 1 to stage 4. In all these stages, labeled nuclei

were always observed in undifferentiated cells and perito-

neocytes (Figs. 30. 31 ). No labeling was detected in myo-

cytes and granular cells, whatever the regeneration stage

considered. Labeled cells were observed in the connective

tissue layer until the regenerating tubule becomes a small

functional tubule (i.e., end of stage 5). These cells were

always pseudopodial cells (Figs. 30, 31) and never spheru-

locytes. Among the three types of pseudopodial cells, la-

beled nuclei were observed principally, but not exclusively,

in type 2 cells (Figs. 29-31 ). As for the inner epithelium,

the labeling was always detected in epithelial cells that had

not yet developed piles of spherules in their intraconnective

basal processes.

Discussion

Echinoderms in general, and holothuroids in particular,

exhibit a remarkable ability to regenerate a missing part of

the body (Hyman. 1955). Regeneration in echinoderms gen-

erally occurs after evisceration, autotomy, or fission (Emson

and Wilkie, 1980). In sea cucumbers, the best studied re-

generative model is the intestine regeneration after eviscer-

ation (Dawbin, 1949; Mosher. 1956; Bai. 1971; Tracey,

1972; Garcia-Arraras et al., 1998). In this model, formation

of the new gut may be subdivided into three successive

phases: initial repair, true regeneration, and growth. The

same phases were observed in the replacement process of

autotomized Cuvierian tubules in Holothuria forskali.

Phases of Cuvierkin tubule rc^cncnition

The repair phase, which includes the overall 48-h post-

autotomy period, comprises wound closure and histolysis of

the damaged tissues. During this phase, no clotting of coe-

lomocytes was observed, contrary to what usually occurs

during repair of injured tissues in echinoderms (Smith,

1981). This lack of coelomocyte plugging may reflect the

rapid closure of the relatively limited wound by the con-

traction of the circular muscles of the tubule peduncle.

Wound closure is followed by re-epithelialization on both

the coelomic and luminal sides of the basal part of the left

respiratory tree. Phagocytosis of the damaged tissues then

takes place within the connective tissue layer. This is the

role of the many large and active phagocytic cells observed

during this phase. Such cells have been described at wound

sites in the five echinoderm classes (Gibson and Burke,

1983; Mladenov et al.. 1989; Candia Carnevali et al.. 1993;

Dubois and Ghyoot, 1995). These cells are generally consid-

ered to be derived from coelomic amoebocytes that migrate to

the wound site (Smith, 197 la; Dubois and Ghyoot, 1995).

The regenerative process seusit stricto starts right after

wound healing and takes 3 to 4 weeks to complete. Five

stages of regeneration may be recognized. Stage 1 can be

defined by the appearance of a thickening of the mesothe-

lium at the site where autotomy took place. This thickening

will be the starting point of the new tubule formation. Stage

2 corresponds to the initial appearance of a lumen within the

regenerating tubule. The tubule wall therefore acquires its

characteristic trilayered structure, which consists of an outer

mesothelium. a connective tissue layer, and an inner epithe-

lium. Stage 3 involves a tissue layer proportioning in which

the connective tissue layer grows to become the thickest of

the three tissue layers, as in non-regenerating Cuvierian

tubules. Stage 4 is characterized by the acquisition of the

typical tubule shape. Finally, stage 5 is reached when the

regenerating tubule becomes functional.

Regeneration is followed by a growth phase. Indeed, the

functional tubule formed at the end of the last regeneration

stage is only half the size of a non-regenerating Cuvierian

tubule. It thus continues to grow for about one more week

until it reaches its final size.
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Kiuurt's 21-24. llnlntlmriu forskali. UltrastructUTC ol' stage S icgcnciating Cuvierian tubules. HI-', bundle of

collagen; BL. basal lamina: BP. epithelial cell basal process; CM. circular myocyte; IE. internal epithelium: Of,

granular cell: L. lumen: LM. longitudinal myocyle: NC. neurosecretory-like cell; OA. outer area of the

connective tissue layer; P3. type 3 pseudopodial cell: PC', periloneocyle; RF.R. rough endoplasmic reticulum; S,

rule; SO, secretory granule: VC. vacuolar cell. Figure 21. Longitudinal section through the mesothe-

lium and the muscle layer (bar = 3 fim). Figure 22. Longitudinal section through the inner area of the

connective tissue layei iii.n 4/im). Kiuurc 23. Longitudinal section through the inner epithelium (bar =

3 iun\. Kinurr 24. Detailed \ lew ol .in MIII.IOMIIK-I ti\c h.is.il piocess ..I .1 cell ol I he inner epithelium (bar =

3 im).

Cell cycle activity uml origin <>t ris\ti<- ln\i-rs

The use of BrclU and 'MT incorporiilion luis provided

further details concx-inm;' ihc role of cell proli feral ion in

Cuvierian tubule regeneration and also, indireetly. concern-

ing the possible contributions of migration and differentia-

tion during regeneration.

In // Ini^kiili. our ivsulis showed that cell proliferation

occurs within each of the three constitutive tissue layers of

ilir regenerating tubule and during the \\hole regenerative

phase, although it was observed only in the mesothelmm at

stage I and on!\ in I!IL- connective tissue layer at stage 5.

Conversely, no labeled nucleus was observed after stage 5
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Mesothelium

Connective tissue

Inner epithelium

Figure 25. Holotlmriii forskali. Reconstruction of a longitudinal section

through the wall of a stage 5 regenerating Cuvierian tubule (not to scale). BL.

basal lamina; BP, epithelial cell basal process: C. cilium; CM. circular myo-

cyte; IA, inner area of the connective tissue layer; IE. internal epithelium; GC,

granular cell; LM, longitudinal myocyte; M. mesothelium; MV. microvillus;

NP. nerve plexus; OA, outer area of the connective tissue layer; P3, type 3

pseudopodial cell; PC, peritoneocyte; S. spherule; VC. vacuolar cell.

X
u

TJ
C

Dfi

2

Regeneration stage

Figure 26. Labeling indices (mean SD. n = 4) for proliferating cells

in the different tissue layers at each stage of Cuvierian tubule regeneration

(BrdU/anti-BrdU method).

(i.e., when the regenerating tubule becomes functional),

indicating that the growth phase proceeds only by an in-

crease of cell volume, without cell division. Moreover, the

absence of DNA-synthesizing cells in non-regenerating Cu-

vierian tubules indicates that there is no cellular "turnover"

and that the cell populations which constitute the tubule

tissues must be considered as static (Messier and Leblond.

1960).

During regeneration, the mesothelium is the tissue layer

in which cell proliferation is the most precocious and the

most important, involving both undifferentiated cells and

peritoneocytes. At stage 1 . there is an accumulation of

actively proliferating undifferentiated cells that form the

mesothelial thickening characteristic of this stage. As re-

generation proceeds, the percentage of labeled nuclei in the

mesothelium regularly decreases in parallel with the differ-

entiation of granular cells on the one hand and myocytes on

the other hand. Nucleus labeling was never observed in

these two cell types, which therefore do not divide. Wewere

not able to determine the origin of undifferentiated cells, but

they probably originate from peritoneocytes. These cells

would thus contribute significantly to the regenerative pro-

cess through dedifferentiation, proliferation, and redifferen-

tiation into other cell types (in this case, granular cells and

myocytes). Their relative totipotence in echinoderms is

manifested by their ability to proliferate actively during

regeneration (Candia Carnevali ct ul., 1997; present study)

and to transdifferentiate into free coelomocytes or myocytes

(Vanden Bossche and Jangoux, 1976; Dolmatov et al.,

1996; respectively).

In their description of the ultrastructure of non-regener-

ating Cuvierian tubules, VandenSpiegel and Jangoux (1987)

suggested that the intraconnective myocytes were derived
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Figures 27-31. Holoihuriti fm \knli. Detection of proliferating cells in the regenerating C'uMcriun tubules.

CL, connective tissue layer; IE. internal epithelium; I., lumen: M. mesolhehum; MC". mvocyte; P2, type 2

pseiKlnpiulial cell. PC. periloneocyte; UC, unditTerenliatcil cell. Figure 27. I .ongiludinal section ihnmgh a

st.ige 2 regenerating tuhule (BrdU/anti-BrdU method i showing labeled nuclei in the three tissue layers

(arrowheads: bar = ?() fimi. Figure 28. Detailed view of the wall ol a stage 2 regenerating tuhule

(Brdtl/anli-BrdU method) showing labeled nuclei in the mcsothclmm (single arrowhead) and in the inner

epithelium (double arrowhead) (bar = 5 /urn). Figure 29. Section through the wall of a stage 3 regenerating

tuhule (BrdU/anti-Brdf method) showing labeled nuclei in the mesothelium (peritoneocyte. single arrowhead:

and unditterentiated cell, double arrowhead) and in the conncclixc tissue laser (type 2 pseudopodial cell, arrow)

(bar = 8 ^tm). Figures 3(1 and 31. Consecutne scniilhm and ultialhin sections through a stage 3

I. rating tuhule. *HT incorporation in the tuhule tissues was icxealed In auloradiography on the semithin

section (arrowheads. I ig 2-: bar = 5 Jim) and the DNA-synthesi/ing cells wcie unambiguously identified by

observation of the ultralhm section in I1-A1
il-'ig. 30: bar = 4 ^m).

from the mesothelium. However, they had no direct e\ i

deuce to corroborate their hypothesis. Our studs of regen-

erating luhules clearly iiulicales ihc mesothelial origin of the

myocytes which, during the regenerative process, first dif-

ferentiate as myoepithelial cells and then migrate in the

connective tissue layer. This is consistent with the hypoth-

esis of Kicger and Lombard! (19X7) on the mesothelial

origin ol nonepiihelial myocyles in echinoderms. This spec-

ulative hypothesis was critici/ed hy Cavey and Wood
(I WO), hut has since been strengthened by the work of

Stauber ( 1993) on echinoid lantern muscles, lhai of Dolma-

tov el ul. ( I Wo) on hololhuroid longitudinal muscle hands,

and now by ours on holothuroid Cuvierian tuhule muscles.

The nerve plexus appears early in regeneration and con

sists only of nerve processes; no cell body \\as observed.

This plexus is first basimesolhelial and then migrates in the

connective tissue layer with the myocytes. This explains

why, in non-regenerating tubules. .the nerve plexus is never

observed within the mesothelium. Vacuolar cells were orig-

inally described as egg-shaped structures and interpreted

as sections through a spiral nerve ( VandenSpiegel and

Jangoux, 1987). However, our reexamination of these struc-

tures in the regenerating tubules suggests that ihey are

clusters of vacuolar cells. Because these cells tirst appear

close to the mesothelium and are surrounded by a basal

lamina, their origin is probably in the mesothelium. I. ike

myocytes and granular cells, they presumably differentiate

from undifferentiated cells. These cells have also been oh-
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served in the Cuvierian tubules of other holothuroid species

(VandenSpiegel and Jangoux, 1988), but their function re-

mains enigmatic.

In the connective tissue layer, spherulocytes and pseu-

dopodial cells co-occur at the beginning of the regeneration.

However, although the pseudopodial cells appear to prolif-

erate actively, spherulocytes show no sign of DNAsynthe-

sis and disappear early in the regenerative process. Never-

theless, they presumably play an important role in the early

stages of Cuvierian tubule restoration. Indeed, most studies

of wound repair in holothuroids have revealed the impor-

tance of spherulocytes (Cowden, 1968; Menton and Eisen,

1973). The function generally ascribed to these cells is the

formation and maintenance of the ground substance of the

extracellular matrix (Fontaine and Lambert. 1977; Byrne.

1986; Jans et ui, 1996). In addition, spherulocytes have

been put forward as producers of antibacterial compounds
and chemotactic agents for other mesenchyniatous cells (see

Smith, 1981. for review). The latter could account for the

recruitment of type 1 pseudopodial cells at the beginning of

Cuvierian tubule regeneration.

Three types of pseudopodial cells follow one another in

the tubule connective tissue during regeneration. Type 1

cells have all the characteristics of echinoderm phagocytes

(e.g., see Dubois and Ghyoot. 1995). The collagen-contain-

ing secondary lysosomes observed in some of these cells

suggest they may have a tibroclastic function, cleaning up
the connective tissue compartment before new collagen

synthesis starts. Type 2 cells are characterized by a more

rounded shape, a high nuclearcytoplasmic ratio, and a

conspicuous juxtanuclear centriole all features suggesting

that these cells are rather unditterentiated (Fontaine and

Lambert. 1977; Smith, 1981). This notion is further sup-

ported by the active division of these cells. Type 3 cells

possess distended RERcisternae and Golgi stacks ending in

spheroidal distentions. RER with distended cisternae has

been described both in proven and presumptive echinoderm

fibroblasts (Dubois and Ghyoot, 1995; Heinzeller and

Welsch, 1994; respectively). Golgi with spheroidal disten-

tions, on the other hand, are a diagnostic feature of verte-

brate fibroblasts (Weinstock and Leblond, 1974). Wehave

not observed all the stages of Golgi distentions, including

the final collagen granule. Nevertheless, the ultrastructural

characteristics of type 3 pseudopodial cells, together with

their presence in the regenerating connective tissue close to

the time when the collagen fibers appear, strongly support a

fibroblastic function for these cells. According to the se-

quence of appearance of the three types of pseudopodial

cells, type 2 cells are probably dedifferentiated type 1 cells

that then actively proliferate before differentiating into type

3 cells. Phagocytic cells, undifferentiated mesenchymatous

cells, and fibroblasts would thus share lineage relationships,

as is the case in echinoids (Dubois and Ghyoot, 1995). Once

the regenerating tubule has reached its definitive size, the

collagen synthesis presumably stops, as evidenced by the

lack of mesenchymatous cells in non-regenerating Cuvier-

ian tubules (VandenSpiegel and Jangoux. 1987). The origin

of the tridimensional organization of the collagen in parallel

helixes is not clear, but it could be the result of the particular

association observed at regeneration stage 3 between type 2

pseudopodial cells and the mesothelium.

In the inner epithelium, cells also divide actively, but

only when they have not yet differentiated spherules in their

basal intraconnective processes ("undifferentiated epithelial

cells"). It appears, therefore, that in the three tissue layers of

the Cuvierian tubules, regeneration proceeds by dedifferen-

tiation, then proliferation, and finally differentiation.

Cuvierian tubule regeneration: morphallaxis vs.

epimorphosis

Regeneration has been described classically as proceed-

ing by one or the other of two mechanisms; (i) morphallaxis.

in which cells differentiate or migrate from existing popu-

lations, and (ii) epimorphosis. in which mitosis occurs and

new cells are produced that either directly replace those lost

or form a blastema that goes on to differentiate and replace

lost tissue (Bonasoro et ai, 1998). In echinoderms, the

relative importance of morphallaxis and epimorphosis

seems to be variable. Regeneration of longitudinal muscle

bands in holothuroids proceeds without cell proliferation

and represents a case of cellular morphallaxis (Dolmatov et

ul., 1996). Similarly, regeneration of the intestine after

fission in the apodid holothuroid Leptosynapta is an entirely

morphallactic mechanism; in this case, the remaining por-

tion of the intestine is remodeled to form a functionally

complete organ (Smith, 197 la, b; Gibson and Burke. 1983).

Conversely, regeneration of the arm in the crinoid Antedon

mediterranea is an epimorphic process in which a regener-

ative blastema is formed (Candia Carnevali et al., 1993,

1995, 1997). Most regenerative processes in echinoderms.

however, appear to involve a combination of morphallactic

and epimorphic mechanisms. This is the case for the intes-

tine regeneration after evisceration in aspidochirote and

dendrochirote holothuroids (Dolmatov, 1992: Garcia Ar-

raras et al., 1998). as well as for the arm regeneration in

asteroids (Mladenov et al., 1989; Moss et al.. 1998).

Regeneration of the Cuvierian tubules in H. forskali also

appears to involve both epimorphosis and morphallaxis.

Initial regeneration events occur by epimorphosis, cell pro-

liferation being essential to the regenerative process. The

mesothelial thickening appearing at stage 1 could be com-

pared to a blastema, that is, an accumulation of undifferen-

tiated cells capable of proliferation and differentiation.

However, it is not a true blastema, giving rise to all the

tissue layers in the new tubule; rather it is a transitory

blastema-like structure that contributes only to the regener-

ation of the mesothelium. forming mesothelial cells (peri-
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toneocytes and granular cells) and mesothelium-derived

cells (myocytes and vactMlar cells). This structure does not

contribute to the regeneration of the other two tubule lay-

ers i.e.. the connective tissue layer and the inner epithe-

liumthat each nclose their own population of dividing

cells. As regeneration proceeds, the percentage of dividing

cells decreases, and in the late stages, tubule histogenesis

occurs mainly bv morphallaxis. with nevslv differentiated

cells migrating from the mesotheliuin into the connective

tissue laver.

The dynamics of Cuvierian tubule regeneration and its

implication for the defense mechanism

In holothuroid species that contain Cuvierian tubules, the

structures are generally present in large numbers. For ex-

ample, individuals of H. forskali may ha\e between 200 and

600 tubules, depending on their sj/e ( VandenSpiegel and

Jangoux. 1987). When gently stimulated they expel only a

tew tubules, but if the stimulation is stronger, tubules can be

discharged several times in succession (Bakus. 1968;

present study). However, in both cases, only a fraction of

the total tubule number will be used. Such a behavior allows

a sparing use of the defensive organ (VandenSpiegel and

Jangoux. 1987). After expulsion and autotomy. Cuvierian

tubules are readily regenerated. In H. forskali, our study

showed that the complete regeneration of the autotomi/ed

tubules, namely the formation of functional. fullv developed

tubules, takes about 5 weeks. This period starts with the

actual beginning of the regenerative process and not with

the expulsion and autotomy of the tubules. Indeed, after a

gentle stimulation, when only a few (about 15) tubules have

been expelled, there is often a latent period that may last up

to 3 weeks before the regeneration starts. In contrast, after a

strong stimulation, when many (up to 300) tubules have

been expelled, the regenerative process starts immediately,

but proceeds by successive waves of 10 to 30 tubules that

begin to regenerate at 10-day intervals. This pattern of

regeneration is advantageous lor the sea cucumber because

it allows a staggered spending of the encrgv necessary for

regeneration. Holothuroid Cuvierian tubules thus constitute

a very efficient defensive mechanism. Indeed, in addition to

their remarkable structural organi/ation. which accounts for

their adhesive and mechanical properties (VandenSpiegel

and Jangoux. l'JS7i. their large number, sparing use. and

particular regeneration dynamics also make them an almost

inexhaustible line of defense maintained at limited energy

cost.
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